The primary goal for drilling at the Hess Deep rift valley is to test competing hypotheses of magmatic accretion and hydrothermal processes in the lower ocean crust formed at the fast-spreading East Pacific Rise (EPR). These deep plutonic rocks comprise two thirds of the Pacific oceanic crust, and have never been recovered by drilling and have rarely been sampled by other methods. The Hess Deep rift valley is the most accessible tectonic window into EPR crust with exposures of primitive, lower crustal plutonic rocks. It is the only location with extensive regional coverage of fast-spreading crust, meaning that drillcore will be placed within an extensive spatial framework that includes the upper crust (lavas and sheeted dike complex) and transition into the plutonic sequence exposed along the northern rift valley wall, and evolved to primitive gabbros at the western end of the intrarift ridge. Thus, drillcore recovered from the deep plutonic crust will complete the first composite section of fast-spreading crust.
Scientific Objectives: (250 words or less)
The objective of this drilling proposal is to recover multiple 100 to >250 m long cores of primitive lower plutonic crust generated at the fast-spreading East Pacific Rise, a high priority goal of the community for well over a decade. Fundamental, interlinked, questions that can only be resolved by petrological, geochemical and structural study of drillcores include:
• How is the lower ocean crust accreted at fast-spreading ridges? And how does this relate to the differentiation of mid-ocean ridge basalts? • Where, when and at what temperature do hydrothermal fluids penetrate into the lower oceanic crust? What affect do these have on the heat and chemical budgets of the on-and near-ridge regions? • How quickly does the lower oceanic crust cool? And thus, what is the thermal structure at the ridge axis? How do the magmatic and hydrothermal systems interact to determine the thermal regime?
Please describe below any non-standard measurements technology needed to achieve the proposed scientific objectives. 
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Donna Schillington Doherty Associate Research Scientist, Lamont-Doherty Earth Observatory
Donna Shillington examines the processes associated with continental rupture and initial seafloor spreading using seismic reflection and refraction data in combination with other geophysical/geological data and quantitative techniques, such as subsidence analysis. She has studied these processes at extensional systems such as the Newfoundland-Iberia conjugate margins and the Black Sea. She is also interested in magmatic processes in island arcs and in characterizing variations in pore-pressure and pore-fluid content in sediments. Recently, she has investigated rifting processes at the Hess Deep rift.
Dr. Schillington was a participant on the RRS James Cook JC21 Hess Deep site survey (2008) and was the lead scientist in the processing of the micro-bathymetry data. She has extensive seagoing experience, participating in seismic surveys and ODP drilling Leg 210. She was a MARGINS Distinguished Lecturer in [2008] [2009] .
Damon Teagle Professor, National Oceanography Centre, University of Southampton
Professor Damon A.H. Teagle is a geologist with interests in the application of petrology, trace element and isotope geochemistry to the study of fluid-rock interactions. His principal research is into the formation and evolution of the oceanic crust to establish the geometry of hydrothermal circulations, magnitudes of high and low temperature fluid fluxes, the formation of massive sulphide deposits, and the influence of ocean floor hydrothermal circulation on global geochemical budgets.
Prof. Teagle was a participant on the RRS James Cook JC21 Hess Deep site survey, (2008) , served as co-chief for Exp 309 and is the lead proponent for further drilling at Hole 1256D . He has extensive field and seagoing experience, has served on a variety of ODP and IODP committees and recently hosted the Melting, Magma, Fluids and Life: Workshop for Scientific Ocean Drilling.
INTRODUCTION
The purpose of this addendum for Proposal 551-FULL is to provide the Science Planning
Committee and Site Survey Committee a summary of new site survey data submitted to the Site Survey Data Bank (1 Dec. 2009), a brief update on the progress the community has made on the proposal's scientific objectives since its submission, and an outline of a slightly revised drilling drilling strategy (i.e., the drill sites are precisely located and placed within a fine-scale structural and petrological framework).
SCIENTIFIC OBJECTIVES
The principal objective for drilling at Hess Deep is to test competing hypotheses of magmatic accretion and hydrothermal processes in the lower ocean crust formed at the fastspreading East Pacific Rise (EPR). These hypotheses make predictions that can only be tested with drillcore, including the presence or absence of modally layered gabbro, presence or absence of systematic variations in mineral and bulk rock compositions, and the extent and nature of hydrothermal alteration and deformation. To date we lack drillcore of deep, primitive gabbros required to critically test these hypotheses. We note that successful drilling into slow-spreading plutonic crust (Legs 176, 179, 205, is not directly relevant to this proposal because crustal accretion processes at mid-ocean ocean ridges are strongly controlled by spreading rate.
With detailed petrological, chemical and structural data for cores of deep, primitive gabbros, we will be able to address fundamental questions, for example: how is melt transported from the mantle through the crust? Where do melts fractionate and crystallize? How, and how fast is heat extracted? With the new site survey data, HD-01B to -03B have been sited within a fine-scale structural and petrological framework. The drillcore will be placed within an extensive regional framework that includes the upper crust (lavas and sheeted dike complex) and transition into the plutonic sequence exposed along the northern rift valley wall, and evolved to primitive gabbros at the western end of the intrarift ridge. Thus, drillcore recovered from the deep plutonic crust will complete the first composite section of fast-spreading crust.
IODP Proposal 551-FULL ADDENDUM 2
AN UPDATE ON STATE OF UNDERSTANDING OF LOWER CRUSTAL FORMATION AT FAST-SPREADING RIDGES
In this section, we briefly review the new data sets and modeling approaches that have attempted to test lower crustal accretion models over the last decade, since the submission of Proposal 551-Full. We conclude that there continues to be an almost complete lack of direct evidence concerning how the lower crust accretes at fast-spreading ridges, meaning that competing theoretical models for crustal accretion have yet to be fully tested. These models propose fundamentally different end-member mechanisms of magmatic accretion, with either most crystallization occurring in a shallow melt lens and the accumulated crystal residue subsiding in a "gabbro glacier" to build the lower crust or predominantly in situ crystallization in a "sheeted sill" complex. Each model has significantly different consequences as to where and to what extent the specific and latent heat are extracted from the lower crust by hydrothermal circulation. Both have specific predictions (e.g., variation in bulk composition and cooling rate with depth, degree of alteration) that can only be tested with drillcore.
Since the submission of this proposal, the transition into the gabbro sequence in EPR crust was drilled at Site 1256D [Wilson et al., 2006] and the upper 800 m of EPR plutonic crust was sampled by a ROV at another tectonic exposure, Pito Deep [Perk et al., 2007] . The gabbroic rocks at the base of the sheeted dike complex at Hole 1256D display the mineralogical and textural heterogeneity found at Hess Deep, and recovery of the upper 500 of the gabbroic sequence (Proposal 522-Full5) will provide critical insights into the nature of the uppermost plutonic rocks. At Pito Deep, gabbros within 300 m of the base of the sheeted dike complex have similar compositions to those at Hess Deep, however, nearly all the gabbros from >300 m below the base of the sheeted dike complex are much more primitive (Mg# 0.79-0.87) than at the same structural level at Hess Deep [Perk et al., 2007] . This compositional difference suggests that primitive, mantle-derived magma may be transported to shallow depths with little fractionation occurring along the way (Pito Deep) and that crystal fractionation and post-cumulus reactions produce evolved rocks at these depths as well (Hess Deep) [Perk et al., 2007] . These new observations highlight the importance of our drilling objectives (see above), since the formation of shallow-level evolved gabbros at Hess Deep requires the crystallization of primitive magmas in deeper magma bodies. Recovery of primitive gabbros at HD-01B to -03B will allow us to quantitatively examine the chemical evolution of the plutonic sequence and thus rigorously test .
Several theoretical studies that focus on the axial heat budget have investigated the viability of the lower crustal accretion models. Both accretion models, as well as hybrids of the two, have been shown to be viable (e.g., Cherkaoui et al., 2003; Maclennan et al., 2004) , however, the lack of observational constraint on key input parameters (e.g., permeability) make the results of these thermal models uncertain. Drillcore will allow us to determine the thermal history of the plutonic rocks using innovative geospeedometry and thermometric methods [e.g., , thus providing a critical test of the accretion models, and to extend our understanding of the hydrothermal fluid flux from the upper crust [Gillis et al., 2005] to the lower crust.
NEW SITE SURVEY DATA AND THE GEOLOGY OF THE HESS DEEP
The Hess Deep rift valley is the best studied and most accessible tectonic window into gabbroic and ultramafic rocks formed at the fast-spreading ridge East Pacific Rise (EPR)(e.g., Moho Proposal (719-MP), 2007) . Located north of the Galapagos microplate at the Pacific-Cocos-Nazca triple junction, the Hess Deep rift valley exposes ~1 Ma EPR crust at the western end of the Cocos-Nazca spreading center [Lonsdale, 1988] . The principal topographic features of the Hess Deep rift valley are the Hess Deep at 5400 mbsl, the tip of the slowspreading Cocos-Nazca ridge at 4000-4500 mbsl, the intrarift ridge that rises to 3000 mbsl north of Hess Deep, and the steep rift valley walls (Fig. 1 ).
Mission
New site survey data collected during UK-IODP-NERC sponsored, RRS James Cook cruise JC021 in 2008 have allowed us to precisely identify drilling locations that will recover primitive
The site survey cruise collected regional bathymetry data ( Fig. 1 ) and conducted near-bottom microbathymetry surveys and sampling using the Isis remotely-operated vehicle (ROV) in two IODP Proposal 551-FULL ADDENDUM 4 areas ( Fig. 2 and 3 ): area A is centred on the region between 5400 and 4400 mbsl where gabbroic rocks were recovered during the Nazcopac cruise [Francheteau et al., 1990] and HD- 01B to 03B are sited, and area C is near the summit of the intra-rift ridge (4200 to 3000 mbsl) in the general vicinity of ODP Site 894 (area names follow the convention of the site survey proposal) (Fig. 1) . Precise sample locations, coupled with microbathymetry, have refined our understanding of the geological relationships of the western end of the intrarift ridge and its southern slope. These relationships are briefly described in the following paragraphs.
The summit of the western end of the intrarift ridge is largely composed of olivine gabbro, gabbronorite, oxide gabbronorite and gabbro ( (Fig. 4) . Stratigraphically, the summit of the intrarift ridge is located very near the sheeted dike -gabbro transition. This interpretation is based upon the presence of dolerites with EPR compositions and regular N-to NNW-trending, steeply W-dipping joint patterns, interpreted as sheeted dike margins, intermixed with gabbroic rocks along the northern margin and (2) the compositional overlap with the gabbroic sequence that underlies the sheeted dike complex exposed along the northern rift valley wall (Fig. 4) .
The southern slope of the intrarift ridge, between 4400 and 5400 mbsl (area A in Fig. 1 ), has a more diverse lithological make-up ( Fig. 2) than the summit region. Plutonic rocks dominate the central and eastern region, with gabbros, gabbronorites, and olivine gabbros that are, on average, more primitive than the summit of the intrarift ridge (mean Mg# 0.71, 0.39-0.85)( Fig. 2 and 4 ).
Layering was locally observed in outcrop and many samples display a weak to strong magmatic foliation. Basaltic rocks (labeled dolerite and basalt in Fig. 2 ) are distributed throughout the plutonic sequence in the central and eastern regions of area A, and dominate in the western region (note that the western region lacks comprehensive coverage) (Fig. 2 ). The majority of the basaltic rocks (60%) have compositions that fall within the range of EPR sheeted dikes and lavas exposed along the northern rift valley wall [Stewart et al., 2002] . The remaining samples are generally more depleted and primitive than the EPR dikes and lavas, and are attributed to Cocos-Nazca rifting. At deeper levels (>4900m) in the southeastern part of area A harzburgite and dunite crop out.
It is not possible to place the southern slope of the intrarift ridge into a precise structural context, as the nature of intermediate to lower plutonic crust formed at fast-spreading ridges is largely unknown. What we know very clearly is that the primitive gabbros structurally underlie regions where evolved gabbros dominate at Hess Deep. The geological relationships along the northern rift valley wall provide the best evidence for this, as evolved gabbros dominate the entire 800 m of the gabbro exposures that extend downwards from the base of the sheeted dike complex (Fig. 4) . In this way, the southern slope of the intrarift ridge (area A) is likely analogous to the intermediate to lower plutonic rocks of the Oman ophiolite.
We do not attempt here to provide a comprehensive model for the tectonic processes that have led to the formation of the Hess Deep rift, as this is not required to address the scientific goals of this proposal. Geophysical surveys at Hess Deep confirm that the southern slope of the intrarift ridge is composed of coherent blocks of lower crustal rock [Ballu et al., 1999; Wiggins et al., 1996] . We have identified an area (see below) where we can recover 100 to ≥250-m-long cores of primitive gabbros in area A. These cores will allow us to critically test the competing models for crustal accretion and to address the specific scientific questions outlined in the proposal.
DRILLING PLAN
The highest priority for drilling at Hess Deep will be to sample 100 to ≥250-m-long sections of primitive gabbroic rocks. Proposal 551 identified the general area for drilling (HD-01A to 03A), where primitive gabbroic rocks had been recovered. In this addendum, drillsites HD-01B to 03B are identified within this general area using the new, high resolution site survey data (see above), where we identified both the right rock type and favourable drilling conditions (e.g., fairly flat-lying terrain). Accordingly, the nomenclature of the drillsites reflects the change from conceptual (HD-0XA) to actual (HD-0XB) locations. The practical plan of a lateral E-W (1996) ; JC021, C. MacLeod, unpubl. data, 2009; Nazcopac, [Blum, 1991] ; northern rift valley wall, [Hanna, 2004] , [Natland and Dick, 2009] .
IODP Proposal 551-FULL ADDENDUM 8 transect, rather than the N-S transect outlined in the proposal, is consistent with the goals of the proposal. Thus, we have not changed the proposed drilling strategy for Hess Deep, but rather we have now placed the drill sites within a fine-scale structural and petrological framework.
The primary drillsites (HD-01B, -02B, -03B) are situated on a flat-lying, sedimented bench at ~4850 mbsl along the southern slope between the intrarift ridge and Hess Deep, in an area dominated by primitive gabbros. The ~200-m-wide bench is covered with ~15 m of pelagic sediment mixed with lithic debris. The slope north of the bench is the footwall of a steeply dipping, south-facing normal fault. The bench itself has a series of 5-15 m high, N-striking narrow ridges that we attribute to combined effects of variation in sediment thickness, sediment draping over small-scale basement structures and/or relief caused by west-dipping, N-striking normal faults. The three drillsites are carefully located to be as far removed from these surface features as possible, and to maximize the lengths of unfaulted sections that we will drill. We calculate that our drill holes should encounter contiguous vertical sections of the order of 90 to 290 m ( The back-up site, HD-04B, is located a few hundred metres north of ODP Site 894G, at the summit of the western end of the intrarift ridge (Fig. 3) . The summit is covered by <10 m of flatlying, pelagic ooze mixed with lithic debris [Gillis et al., 1993] . At HD-04B, a borehole would start in evolved upper gabbros but there is potential of recovering more primitive lithologies at several hundred meters depth since the gabbroic rocks become more mafic along the steep slope immediately to the south. Note that this site backup site has been moved relative to our original HD-04A, which was adjacent to ODP Site 895 (serpentinized mantle peridotites), as our principal scientific objectives focus on the plutonic sequence. Figure 5 . Enlargement of the bathymetry map (Fig. 2) in the vicinity of the drillsites. Note that the N-S trending crenulations are an artifact of processing seams of the ROV ISIS swaths. Three N-S depth profiles centred at each drillsite are show below. We assume that the slope above the bench is the footwall of a normal fault that projects beneath the bench. The depth of the normal fault beneath the centre of the bench (listed on each panel) is constrained in two ways: (1) the upper slope is projected beneath the bench -this constrains the minimum depth of the fault below the bench and (2) a slope of 60° (i.e., expected slope of a normal fault prior to erosion) is projected beneath the bench -this constrains the maximum depth of the fault below the bench.
Drilling Strategy
Sites HD-01B, HD-02B, and HD-03B. Our strategy for each site is to drill a single-bit, pilot hole, drilled to bit destruction to identify suitable locations for the re-entry holes and to recover the upper >100 m of the formation. Based on recent experience in drilling single-bit holes in gabbroic rocks (e.g., Legs 209, 304/305), the pilot holes will penetrate ≥100 m with typical recoveries (>50%). A re-entry hole will be established at each site using the hammer-drill-incasing system, which was successfully deployed during Expedition 304/305 at the Atlantis Massif. The hammer system drives a ≤30 m casing into the formation, thus establishing a re-entry hole without the need for a hard-rock guidebase. Additional casing may be required, depending on the characteristics of the borehole. We envision that ≥250 m is a realistic target depth of penetration for the re-entry holes; if coring is proceeding well in the first or second of these reentry holes, it will be continued as long as possible in order to capitalize on good drilling conditions and obtain the longest possible continuous sample. The refurbished JOIDES Resolution has greatly improved core recovery in fractured crystalline rock (e.g., 90-100% recovery in glassy pillow basalts, Exp. 324); we therefore expect recoveries of ≥30% in the gabbroic rocks at Hess Deep.
Back-up Site HD-04B. The strategy described above for HD-01A to 03B will be followed for HD-04B.
Logging Strategy
Our logging objectives and strategy have not changed from our proposal.
Drilling and Logging Estimates
Our time estimates to locate, drill, and log three, 250-m-deep re-entry holes are listed in Table 1 . Practically, we will establish one or more re-entry holes, depending on the drilling conditions encountered at each site. If we find a re-entry site with ideal drilling conditions, we will stay at that site for the remainder of the leg. The time estimate for each site is based on the following: (a) 5 days for a pilot hole, assuming 30 hours to build/recover string, <2.5 m/h penetration rate; (b) 3.25 days to deploy the hammer-drill-in-casing system, assuming 30 hours to build/recover string, 48 hours to hammer in casing; and (c) 6.5 days of rotary coring, assuming 30 hours to build/recover string, ~2.5 m/h penetration rate, bit changes every ~75 m). We anticipate 58.5 days on site, assuming both port calls in Panama City. The extreme topography at the Hess Deep rift resulted in poor quality seismic re ection data that is not useful to identify drillsites or to characterize the sub-surface geology. * indicates the location of HD-01B to HD-03B (located along an E-W transect).
* 5 km
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The extreme topography at the Hess Deep rift resulted in poor quality seismic re ection data that is not useful to identify drillsites or to characterize the sub-surface geology. * indicates the location of HD-04B. To obtain 100 to ≥250 m section of primitive gabbroic rocks formed at the fast-spreading East Pacific Rise.
List Previous Drilling in Area:
ODP Leg 147; Site 894 drilled ~5.84 km NNE [Wiggins et al., 1996] . A 15-km linear array of ocean bottom seismometers (OBSs) and bottom shots were located along a north -south line centred slightly to the east of ODP Site 894 and in the vicinity of HD-01B. Sub-bottom data were acquired by the same system as the multibeam data at lower frequencies on 7 beams; line 025 crossed the locations of HB-02B and HD-03B, and within 300 m of HD-01B; no SBP data are available for HD-04B. 7 Swath bathymetry X X Regional multibeam bathymetry data were acquired using the hull-mounted Kongsberg Simrad EM120/SBP120 system (12 kHz) on the RSS James Cook during cruise JC021; high resolution microbathymetry data were acquired at a nominal altitude of ~100 m and speed of 0.3 kts by a Simrad SM2000 (200 kHz) multibeam sonar system mounted on the ROV Isis during RSS James Cook cruise JC021.
551-Add
8a Side-looking sonar (surface) X These data are not available for Hess Deep; the combination of high resolution microbathymetry and on-bottom imagery (available for Hess Deep) provides comparable site characterization. 8b Side-looking sonar (bottom) 9 Photography or Video X X Video and still images of the seafloor were obtained from the ROV Isis in the vicinity of the proposed drillsites during RSS James Cook cruise JC021.
10 Heat Flow 11a Magnetics 11b Gravity X Sea surface and sea floor gravity data was collected along the same line as the seismic refraction profile [Ballu et al., 1999] . Sea surface and sea floor gravity data were modeled in a 2D stochastic inversion and a 3D ideal body inversion.
IODP Site Summary Forms:
Form 2 -Site Survey Detail X=required; X*=may be required for specific sites; Y=recommended; Y*=may be recommended for specific sites; R=required for re-entry sites; T=required for high temperature environments; † Accurate velocity information is required for holes deeper than 400m. Neutron-Porosity Determination of formation characteristics (e.g., lithological boundaries), core-borehole integration, and correlation with other petrophysical data.
1 Litho-Density Determination of formation characteristics (e.g., lithological boundaries), core-borehole integration, and correlation with other petrophysical data.
1 Natural Gamma Ray Determination of formation characteristics (e.g., lithological boundaries), core-borehole integration, and correlation with other petrophysical data.
1
Resistivity-Induction Determination of formation characteristics (e.g., lithological boundaries), core-borehole integration, and correlation with other petrophysical data.
1 Acoustic Seismic velocity structure of borehole 3 FMS Mapping structure (e.g., faults) and lithological unit boundaries within the borehole, correlation of coring and logging depths, core-borehole integration.
BHTV

Resistivity-Laterolog
Magnetic/Susceptibility Determination of the in situ magnetic properties of the lower ocean crust. These data would enhance the scientific objectives of this site but are not essential. No.
6 What "special" precautions will be taken during drilling? None required. To obtain 100 to ≥250 m section of primitive gabbroic rocks formed at the fast-spreading East Pacific Rise. [Wiggins et al., 1996] . A 15-km linear array of ocean bottom seismometers (OBSs) and bottom shots were located along a north -south line centred slightly to the east of ODP Site 894 and in the vicinity of HD-02B. Sub-bottom data were acquired by the same system as the multibeam data at lower frequencies on 7 beams; line 025 crossed the locations of HB-02B and HD-03B, and within 300 m of HD-01B; no SBP data are available for HD-04B. 7 Swath bathymetry X X Regional multibeam bathymetry data were acquired using the hull-mounted Kongsberg Simrad EM120/SBP120 system (12 kHz) on the RRS James Cook during cruise JC021; high resolution microbathymetry data were acquired at a nominal altitude of ~100 m and speed of 0.3 kts by a Simrad SM2000 (200 kHz) multibeam sonar system mounted on the ROV Isis during RRS James Cook cruise JC021. Neutron-Porosity Determination of formation characteristics (e.g., lithological boundaries), core-borehole integration, and correlation with other petrophysical data.
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Magnetic/Susceptibility Determination of the in situ magnetic properties of the lower ocean crust. These data would enhance the scientific objectives of this site but are not essential. To obtain 100 to ≥250 m section of primitive gabbroic rocks formed at the fast-spreading East Pacific Rise.
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